The widespread use of magnetic nanoparticles in the biotechnical sector puts new demands on fast and quantitative characterization techniques for nanoparticle dispersions. In this work, we report the use of asymmetric flow field-flow fractionation (AF4) and ferromagnetic resonance (FMR) to study the properties of a commercial magnetic nanoparticle dispersion. We demonstrate the effectiveness of both techniques when subjected to a dispersion with a bimodal size/magnetic property distribution: i.e., a small superparamagnetic fraction, and a larger blocked fraction of strongly coupled colloidal nanoclusters. We show that the oriented attachment of primary nanocrystals into colloidal nanoclusters drastically alters their static, dynamic, and magnetic resonance properties. Finally, we show how the FMR spectra are influenced by dynamical effects; agglomeration of the superparamagnetic fraction leads to reversible line-broadening; rotational alignment of the suspended nanoclusters results in shape-dependent resonance shifts. The AF4 and FMR measurements described herein are fast and simple, and therefore suitable for quality control procedures in commercial production of magnetic nanoparticles.
Introduction
Magnetic nanoparticles are used in a range of state-of-the-art applications in the area of biomedicine; as contrast agents in magnetic resonance imaging (MRI), and magnetic particle imaging (MPI); in magnetic hyperthermia, immune cell separation, and magnetic and magneto-optic biosensor assays. [1] [2] [3] Optimization of these methods requires synthesis of particles with tailored properties, e.g. with respect to coercivity and magnetic relaxation properties, 4, 5 properties that vary strongly with primary particle size, 6, 7 shape, 8 composition, 9 and degree of clustering. 10, 11 The optimization of nanomaterials towards specific applications can therefore be particularly challenging using commercial (and often polydisperse) nanoparticle systems. In fact, only a few analytical methods are truly effective in resolving multimodal distributions in nanoparticle dispersions. 12 Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) are used extensively but particle analyses are typically subject to sample preparation artefacts from drying. 13, 14 Arguably, only cryo-TEM techniques can provide an accurate view of the colloidal state of nanoparticle dispersions. 15 Dynamic light scattering (DLS) is probably the most common technique used for characterization of particle size distributions in dispersions, but the biased response towards larger particles (∝d 6 ) prevents the models to accurately describe samples with broad or multi-modal size distributions. 14, 16, 17 Other options include the use of analytical ultra-centrifugation, 18 and small angle scattering (SAS) using either neutrons or X-rays of fractionated dispersions, 19 although the availability of these techniques are typically limited.
In this study, we use asymmetric flow field-flow fractionation (AF4), ferromagnetic resonance (FMR) and AC-and DCmagnetomery to analyze a commercial magnetic nanoparticle system (nanoPET Pharma GmbH, FeraSpin). The system consists of a polydisperse mother batch (FeraSpin R) of magnetic nanoparticles with a wide size distribution, 20 and the FeraSpin Series, comprising six from FeraSpin R fractioned components: FeraSpin XS, S, M, L, XL and XXL, where two (XS and L) were used in this work. We show that AF4 and FMR are effective in characterizing and classifying a nanoparticle dispersion as † Electronic supplementary information (ESI) available: Size and aspect ratio determination, additional microscopy and magnetic characterization, and calculation of the effective demagnetization factor. See DOI: 10.1039/c7nr00023e a a bimodal, both with respect to its physical and magnetic properties. Although the magnetic material in each fraction consists of primary nanocrystals that are similar in size, they differ significantly with respect to the degree of clustering. We show that the strongly coupled colloidal nanoclusters exhibit magnetic properties, e.g. susceptibility, relaxation, and resonance properties, that are widely different than their isolated counterparts. Consequently, the non-fractioned sample exhibits three distinct ferromagnetic resonance fields, where two could be assigned to different populations of the bimodal size distribution. Immobilization/agglomeration of the suspended particles results in large changes of the FMR spectra due to dynamic line-broadening and resonance field shifts. The ability to quantitatively distinguish between mobile and immobilized/agglomerated particles suggests that FMR can be used as sensitive read-out method in several biosensing schemes.
Experimental section
Samples of FeraSpin R, XS and L were obtained from nanoPET and used as received at an iron concentration of 5.0, 5.0 and 5.1 mg mL −1 , respectively. The iron concentration was determined photometrically by means of phenanthroline, employing iron standards for the calibration curve and iron oxide nanoparticle dispersions of known concentration as controls. The three dispersions have an orange-brown tint and the particles have a composition close to γ-Fe 2 O 3 as determined by Mössbauer spectroscopy (not shown).
Transmission electron microscopy (TEM)
A FEI Titan 80-300 TEM equipped with field emission gun and operated at 300 kV was used in this study. TEM specimens were prepared by drying a few drops of nanoparticle dispersion on holey carbon film coated Cu TEM grids. TEM bright field (BF) images of the particles were used to measure the size and aspect ratio of the nanoparticles and nanoclusters. The size of each particle is defined as the diameter of the circle that encloses the particle. In other words, the longest dimension of each particle is taken as the size of it. The aspect ratio of a particle is determined by the ratio between the major axis and minor axis of the ellipse that encloses the particle. Selected area electron diffraction (SAED) and dark field (DF) imaging were performed on individual nanoclusters in order to reveal the crystalline domain structures in the particles. Each DF image was formed by selecting a single diffraction spot using an objective aperture.
Scanning electron microscopy (SEM)
SEM analysis of magnetic nanoparticles was performed using a Zeiss Supra 40VP system equipped with a field emission gun at 2-5 kV. FeraSpin L colloidal nanoclusters were prepared by electrostatic immobilisation of the nanoparticles on Si substrates, in order to prevent agglomeration of the particles during the drying process. The silicon substrates were first coated by a polyelectrolyte in order to provide a positive surface charge (opposite to the nanoclusters). The surface was then exposed to the nanoparticle dispersion for 1 min, rinsed in deionized water and spin-dried. High magnification (×400-600k) was used to image single nanoparticles and visualize their sub-structure and morphology. Lower magnification images (×150k) were used for particle size and shape analysis using the ImageJ software package.
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Asymmetric flow field-flow fractionation (AF4) . An exponential decay cross-flow rate of 2 mL min −1 to 0.15 mL min
with half-life of 4 min was applied during elution. At the end of the decay, the cross-flow was held at 0.15 mL min −1 for 10 min allowing elution of the remaining material. Finally, the cross-flow was removed and the channel was flushed for 10 min before the next analysis. The detector flow was kept constant at 1 mL min −1 during analysis.
The carrier liquid consisted of MilliQ water with 0.02 wt% NaN 3 and 5 mM NaNO 3 . NaNO 3 is used to reduce long-range electrostatic interactions during elution. Processing of the MALS data was made by the Astra software, version 6.1.2.84 (Wyatt Technology). The root square-mean diameter (D rms ) was obtained from the light scattering data (MALS) by the Berry method, 22 using a dn/dc value of 0.256 mL g −1 .
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Dynamic light scattering (DLS)
The hydrodynamic diameter was determined using DLS Malvern Zetasizer Nano ZS (Malvern Instruments Ltd, Worcestershire, UK) using the viscosity and refractive index of the dispersant (H 2 O, µ = 0.8872 cP, n = 1.330). The temperature was set to 25°C and the equilibration time to 60 s using a measurement angle of 173°(backscatter). The number of runs was set to 24, each run lasting 10 s. The measurements were done in triplicates. The data was processed using the cumulant and distribution analysis (general purpose model).
Ferromagnetic resonance (FMR)
FMR was measured using a Bruker ELEXSYS E580 EPR spectrometer equipped with a standard X-band cavity. Measurements at cryogenic temperatures were performed using an Oxford ESR900 cryostat. The frequency of the microwave field was 9.78 GHz without the cryostat, and 9.47 GHz with the cryostat mounted. Thus, all measurements except the temperature series shown in Fig. 6a were measured at 9:78 GHz $ B iso ¼ ω γ ¼ 349 mT. Samples were mounted in (ID. Φ = 0.7 mm) quartz capillaries sealed in one end.
AC-and DC-magnetometry
Measurements were performed on a Quantum design MPMS-XL SQUID equipped with an RSO head. For the ACmeasurements, an excitation field of B AC = 0.4 mT and frequencies of f = 0.17, 0.51, 1.7, 5.1, 17, 55, 170, 510, and 950 Hz were used. Liquid samples were mounted in cylindrical polymeric sample cups and filled with 30 µL dispersion (5 mg mL −1 ). The samples were weighed, and their volumes were determined assuming a density of 1.02 g mL −1 . Freeze dried samples for AC-susceptibility measurements were prepared by dissolving 50 mM mannitol in the nanoparticle dispersions. Then, 30 µL of mannitol/nanoparticle dispersion was freeze-dried (directly in the cylindrical sample container). For the low-field DC-(±50 mT) and AC-magnetometry measurements we zeroed the field using the ultra-low field option, resulting in a background field of less than 1 μT. The dynamic scaling analysis was done setting the freezing temperatures to a value corresponding to the onset of dissipation, here 0.5 × max(χ″(T )). The magnetic AC-moment was converted to dimensionless SI units (χ) assuming a density of 5 g cm −3 and a Fe/Fe x O y mass ratio of 0.7 (assuming γ-Fe 2 O 3 ).
Results and discussion
In this study, we compare experiments performed on three commercially available nanoparticle dispersions composed of carboxydextran-coated iron oxide particles in water. The starting material (FeraSpin R) is separated into increasingly larger fractions: FeraSpin XS-XXL. Out of the 6 fractions, two were used in this work (FeraSpin XS and FeraSpin L). Bright-field TEM images of the two fractions of FeraSpin R: FeraSpin XS and FeraSpin L are shown in Fig. 1a -d. The two fractions exhibit similar primary crystallite sizes but differ significantly with respect to the degree of clustering. FeraSpin XS appears to consist of small nanocrystals with an average size of ≈6 nm (σ log-normal = 0.26, see Fig. S1 †). In most cases, the particles appear well separated (as shown in Fig. 1a ), whereas they in some instances are found loosely aggregated (see Fig. S4 †). We would like to point out that it is not possible to conclude from TEM alone whether these aggregates are also present in the dispersed state, but our fractionation study (vide infra) suggests that these are preparation artefacts caused by drying induced aggregation. High-resolution TEM (HRTEM) images (Fig. 1a) clearly show that the particles are nearly spherical and are crystalline enough to exhibit clear lattice fringes, as shown in the inset. In contrast, FeraSpin L consists of much larger, slightly elongated flake-like nanoclusters. We analyzed the shape and size of the nanoclusters using both SEM and TEM. In TEM, this is done by approximating their shapes with ellipses, taking the long semi-axis as the particle length and the ratio of the semi-axes. The lower resolution of SEM compared to TEM, is somewhat compensated by the large number of measurement points attainable through automatic segmentation of the images. In fact, both methods yield a value of ≈35 nm for the long axis of the FeraSpin L nanoclusters, whereas we find a slightly broader size distribution in the SEM analysis σ log-normal = 0.40 (TEM) vs. σ log-normal = 0.60 (SEM), see Fig. S1 . † Similarly, TEM and SEM yield almost identical estimates of the nanoclusters mean aspect ratio: ≈1.40 (σ log-normal = 0.20, see Fig. S1 †) . Moreover, bright-field TEM images (Fig. 1b-d) show that the flake-like nanoclusters are composed of tightly packed nanocrystals with primary particle sizes comparable to FeraSpin XS. The nanocrystals are in direct physical contact and in many cases intergrown, as evidenced by common lattice fringes in neighbouring nanocrystals. In fact, the HRTEM images and the corresponding FFT patterns (Fig. 1b-d) reveal that relatively large subdomains of the FeraSpin L nanoclusters exhibit crystallographic texture, possibly the result of an "oriented attachment" mechanism. In order to further investigate the intra-cluster particle orientation, we performed dark-field TEM (DFTEM) imaging. DFTEM images shown in Fig. 1f -g, suggest that the FeraSpin L nanoclusters indeed are composed of a large number of crystalline domains, although the average size of these domains supersede the size of the constituent nanocrystals. Epitaxial clusters of nanocrystals have in recent literature been referred to as e.g. monocrystalline "nanoflowers" (by the group of Gazeau), 24 "colloidal nanoclusters" by the group of Yin, 25, 26 and "mesocrystals" by Cölfen.
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Asymmetric flow field-flow fractionation (AF4)
AF4 fractograms are shown in Fig. 2 . AF4 is a sized-based separation technique which is chromatography-like but utilizes a channel, void of stationary phase, for separation of the sample in to narrowly distributed size fractions. The separation is based on the diffusion coefficient and, thus, the hydrodynamic diameter of the fractions can be determined from elution times via the Stokes-Einstein equation. 29 Post-channel, a multiangle light scattering (MALS) detector is mounted for size determination as root mean-square diameter, D rms , equivalent to the diameter of gyration, in addition to a refractive index detector for concentration determination. The theoretical limit for the determination of D rms using the MALS detector is about 15 nm, since smaller particles are isotropic scatterers at the utilized wavelength (658 nm). From the fractograms, it is immediately obvious that FeraSpin XS and L have monomodal, but vastly different size distributions, whereas FeraSpin R, in some sense can be regarded as a mixture of the two, albeit with a slightly broader distribution of (larger) colloidal nanoclusters than in FeraSpin L. The data can be transformed into a differential weight fraction diagram, shown in Moreover, it is possible to determine the conformational ratio: D rms /D h which can give information about the shape of the particles (see Fig. S5 †) . In general, although these ratios vary somewhat with the aging time of the particle dispersions (in particular FeraSpin XS, which aggregates slightly over time), we consequently find found for e.g. swollen microgels. 30 In particular, the most popu- lous fraction of the FeraSpin L nanoclusters (≈20-40 nm) exhibits a conformational ratio of 1.2-0.83. This is indicative of an elongation of the nanoclusters, although the accuracy of the determination decreases near the resolution limit of the MALS detector. For particles, larger than 40 nm, the conformational ratio appears to converge towards
Comparing this analysis with the SEM analysis sorted into three size bins (<20 nm, 20-40 nm, >40 nm), see Fig. S3 , † does not reveal any significant differences with respect to the particle aspect ratio, circularity or solidity with size. Admittedly, the SEM analysis is relatively poor for particles <20 nm; also, it should be noted that AF4, in contrast to SEM provides a measure of the colloidal (D h or D rms ) size and differences may reflect changes in structure of the capping agent. In summary, AF4/TEM/SEM concur that the largest population in FeraSpin L (≈20-40 nm) is slightly anisotropic, whereas AF4 suggests that the larger particles (≈40-60 nm) appear slightly micro-gelled, possibly the result of a solvent swollen dextran shell.
To conclude, we note that the major advantage of AF4 is that the fractionation eliminates many of the limitations of batch DLS measurements such as handling of multimodality/polydispersity through models and fitting procedures as well as obscuration of small particles caused by the presence of large particles. As a result, the sample size multimodality in FeraSpin R is obvious, simply by comparing the three relative refractive index signals (shown in the same plot, Fig. S6a †) . This in stark contrast to conventional dynamic light-scattering (DLS), shown in Fig. S6b , † where the population of larger nanoclusters effectively shadows the smaller, but in terms of total volume equally large population of nanoparticles in the D h = 10-20 nm range. Fig. 3a shows the magnetization vs. low-field (±50 mT) curves for the three liquid nanoparticle dispersions. The particles are suspended during measurement, relax by Brownian rotation and consequently show no coercivity or remanent magnetization. The initial susceptibility of FeraSpin L is significantly larger than that of FeraSpin XS, suggesting that the apparent magnetic volume (Langevin size) 31 of these particles differ greatly. Assuming that FeraSpin R is simply a mixture (linear combination) of FeraSpin XS and L yields a ratio of 47 : 53 (see Fig. S9 †) , with very minor deviations near zero field. So, although it is clear from the fractograms (Fig. 2) that the size distribution of FeraSpin R has a slightly longer tail than FeraSpin L, its magnetization vs. field properties can very accurately be described as a mix of FeraSpin XS and L. Fig. 3b shows that also the high field properties differ significantly. . 32 High K values have typically been reported for small particles, due to a significant contribution from surface anisotropy. 7 In a second approach we consider the low-temperature part of the χ′(T ) curve. The in-phase component χ′ of the AC susceptibility should approach a frequency independent value as the temperature approaches zero. This corresponds to the intra-potential well response of the particles moments χ ⊥ (ref. 33 )
AC-and DC-magnetic properties
Here θ is the angle between the magnetic field and the (uniaxial) particle easy axis, and the value of 〈sin 2 (θ)〉 is averaged over the distribution of easy axis orientations. As a first approximation, it is reasonable to adopt a random distribution of easy axes, so that: 〈sin 2 (θ)〉 = 2/3. Although neither of these models take into account interparticle interactions, the intra potentialwell approximation with M s (0) ≈ 110 Am 2 kg Fe −1 gives a more reasonable value of K = 2.8(2) × 10 4 J m −3 for FeraSpin XS than the Arrhenius approach (see Table S1 †), yet significantly larger (≈ × 7) than the reported K for γ-Fe 2 O 3 (bulk). In contrast, AC-susceptibility vs. temperature (5-390 K) measurements on freeze-dried FeraSpin L nanoclusters (Fig. 4b) , show freezing temperatures in the range T f ≈ 320-400 K. Fitting the freezing temperatures to the Arrhenius equation yields an unphysical value of τ 0 ≈ 10 −21 s, a clear sign of significant interactions, clearly invalidating the Arrhenius approach. The intra-potential well approximation using M s (0) ≈ 120 Am 2 kg Fe −1 , yields an effective anisotropy constant for FeraSpin L of K = 2.1(2) × 10 4 J m −3 , smaller than for FeraSpin XS, but significantly larger than the bulk anisotropy of γ-Fe 2 O 3 . Thus, the FeraSpin L nanoclusters should be viewed as strongly coupled (collective) nanoclusters, with a significant anisotropy contribution originating either from surface or interfacial effects. The strong coupling results in a significant alteration of the magnetic relaxation times (T f = 45 → 320 K). In fact, this large shift is impossible to explain based solely on dipolar interactions, i.e. by assuming particles with d c ≈ 6 nm in physical contact. 34 In other words, although FeraSpin L is composed of fused nanocrystals of the same (apparent) primary size as FeraSpin XS, they exhibit a magnetic behaviour intermediate of the primary and secondary particle size of the colloidal nanoclusters. This is clear proof that (strong) exchange interactions between neighbouring surface spins, in addition to dipolar interactions, must be taken into account in order to accurately model the properties of colloidal clusters and nanoflowers. 26 
Ferromagnetic resonance (FMR) properties
Ferromagnetic resonance measurements were performed at the X-band, using aqueous dispersions mounted in quartz capillaries. Results from measurements on liquid samples (298 K) are shown in Fig. 5a . FeraSpin R exhibits a complex multi-component spectrum, that can be fitted to a sum of three Gaussian derivatives. This yields two broad lines with resonance field (B r ) and full-with-half-maximum line-width (ΔB FWHM ) of B r = 279 mT/ΔB FWHM = 41 mT, and B r = 333 mT/ ΔB FWHM = 76 mT, respectively, in addition to a narrow line at B r = 350 mT/ΔB FWHM = 12 mT; the latter line coincides with the free electron resonance field: B iso ¼ ω γ ¼ 349 mT at X-band frequencies (ω = 2π × 9.78 × 10 9 rad s −1 , γ = 1.76 × 10 11 rad s
. From the measurements of the fractioned samples (FeraSpin XS and L) it is clear that these resonances can be individually assigned to the large (B r = 279 mT) and small fractions (at B r = 333 mT, and at B r = 350 mT) of the bimodal distribution of FeraSpin R (see Fig. 5a ). Although the AF4 analysis shows that FeraSpin R contains a slightly broader distribution of nanoclusters than FeraSpin L (see Fig. 2 ), we find that it is possible to fit the FeraSpin R spectra by a linear combination of FeraSpin XS and FeraSpin L with relatively good accuracy (see Fig. 5b ). From the fits, we find ratios of 37 : 63 (R 2 = 0.95)
by mass in reasonable agreement with estimates from magnetometry (47 : 53, R 2 = 0.999).
But the complex resonance signal of FeraSpin R is simply not the sum of several magnetic components; it is significantly influenced by interparticle interactions in the system, as well as the rotational degrees of freedom of the larger nanoclusters. This can be illustrated in two ways; freezing a FeraSpin R dispersion at 238 K eliminates the fine structure and the resonance signal collapses into one broad and slightly asymmetric mode (see Fig. 6a ). Conversely, heating the frozen dispersion towards its melting point gradually recovers the three resonance lines, whereas the narrow line only reappears when the dispersion is completely thawed. Secondly, the fine structure can also be eliminated by absorbing the nanoparticle dispersion in cotton fibre (see Fig. S8 †) . Similar to the dispersed systems, the FMR signals are additive; the immobilized FeraSpin R particles can be nicely fitted to a linear combination of immobilized FeraSpin L and XS (see Fig. S8 †) . Two-component spectra similar to that of FeraSpin XS have previously been observed for immobilized γ-Fe 2 O 3 particles (d = 3.6 nm) mineralized in Listeria innocua cages. Two distinct resonances (broad and narrow) were attributed to a core-shell structure from the analysis of their temperature dependent linewidths. [35] [36] [37] The narrow line was assigned to surface spins or very small particles. Noginova et al. found that the narrow line of a γ-Fe 2 O 3 (d = 4.8 nm) ferrofluid gradually broadened upon increase of the concentration. 38 In a sense, the linebroadening of the narrow component therefore provides a measure of interparticle interactions; here, the likely cause being ice segregation-induced agglomeration, 39 in agreement with the AC susceptibility results. Additionally, the immobilization results in a slight shift and broadening of the second resonance line, from B r = 340 mT/ΔB FWHM = 76 mT to B r = 343 mT/ΔB FWHM = 96 mT. The immobilization of FeraSpin L results in a much larger shift of the resonance line from B r = 283 mT to 330 mT (see Fig. 6b ). Simply put, the FeraSpin L possesses a significant anisotropy, that allows the dispersed particles to (at least partially) rotate into the field, and thereby lower their magnetic energy. We would like to emphasize that this effect is not due to dipolar chaining of the colloidal nanoclusters, 38 since we observe no changes in the resonance properties upon dilution of the dispersion (see Fig. S7 †) . At a first approximation, the resonance shift (ΔB r ) due to the particle immobilization, can be qualitatively understood simply by considering the particle shape anisotropy. Under the assumption that the magnetization follows the field (θ = θ H ), results in the following resonance condition
with B uni = μ 0 MN eff . Here, N eff is the effective demagnetization factor, and θ is the angle between the anisotropy axis and the magnetization. Thus, for a fully polarized (aligned) dispersion at θ = 0 we have: B r = 349 mT − B uni , and at θ = π/2: B r = 349 mT + 1 2 B uni . The effective demagnetization factor for a prolate ellipsoid is given by N eff = N ⊥ − N || where N xx = N yy = N ⊥ > N || = N zz and can be calculated using Osborn's formula 41 (see ESI † for details). For L/W = 1.40, the mean (of the lognormal distribution) of the TEM/SEM shape factor, this yields N ⊥ = 0.38 and N || = 0.25, and consequently N eff = 0.13. Thus, the observed resonance shift (ΔB r ) of FeraSpin L ΔB r = 66 mT is reasonably well explained assuming only shape anisotropy (ΔB r = 60 mT) for symmetric ellipsoids with L/W = 1.4. In reality, the alignment of easy axes is only partial at finite fields (here 0.3 T), 40 but likely to be significant due to the relatively large volume (≈10 5 nm 3 ) and significant shape anisotropy of the FeraSpin L nanoclusters. On the other hand, a magnetocrystalline contribution to the observed resonance shift cannot be ruled out, but would require a statistically significant (at least partial) co-alignment of the constituent nanocrystal (easy) axes in addition to the uniaxial (shape induced) easy axis of the elongated nanoclusters. Although such hypotheses are interesting, they are likely to remain unanswered without the combined use of scattering techniques at multiple length scales (e.g. using a combination of small and wide angle X-ray scattering). Nonetheless, it is clear that the dynamic fine structure allows FMR to swiftly, quantitively, and with good sensitivity differentiate between mobile and immobilized particles. These properties form the basis for many bio-sensing schemes, 42 and suggests the use of FMR as a novel read-out method in magnetic biosensor assays. Also, since FMR spectra are in some sense fingerprints, sensitive to the physical properties (shape, anisotropy) but also to the colloidal state of any nanoparticle dispersion, we suggest its use as a tool for quality control, and monitoring in commercial production of magnetic nanoparticles.
Conclusions
Using a series of commercial nanoparticle dispersions, we have demonstrated a fast and quantitative assessment of particle size and property bimodality using AF4 and FMR: two sparsely used techniques in nanoparticle research. Although the particle fractions consist of primary nanocrystals similar in size, the oriented attachment of nanocrystals into tightly packed colloidal nanoclusters results in a material with drastically different magnetization, relaxation, and ferromagnetic resonance properties. When dispersed, the larger fraction of colloidal nanoclusters exhibit a resonance shift due to the alignment of the slightly anisotropic particles; a property which is likely to find use in a number of applications.
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